Biosolids were applied to a pasture and a vineyard in south-eastern Australia. At both sites, soil Cd, Cu, and Zn concentrations linearly increased with biosolids application rates although not to the extent of exceeding soil quality guidelines. Biosolids marginally increased soil C and N concentrations at the pasture site but significantly increased P concentrations. With lower overall soil fertility at the vineyard, biosolids increased C, N, and P concentrations. At neither site did biosolids application affect soil microbial endpoints. Biosolids increased pasture production compared to the unfertilised control but had little effect on grape production or quality. Interestingly, over the 3-year trial, there was no difference in pasture production between the biosolids treated plots and plots receiving inorganic fertiliser. These results suggest that biosolids could be used as a fertiliser to stimulate pasture production and as a soil conditioner to improve vineyard soils in this region.
Introduction
Biosolids are the solid or semisolid material produced from the biological treatment of sewage. As biosolids contain pathogens and contaminants that can adversely affect flora and fauna (including humans), management of the increasing amounts generated is a major international issue [1, 2] . In the past, ocean dumping was an acceptable management option [3, 4] but is now banned in some jurisdictions [5] . Given the organic nature of biosolids and the plant nutrients they contain, there is increasing emphasis on alternative disposal methods such as land application [6] .
Composting can be used to reduce health risks from pathogenic organisms contained in biosolids [7, 8] prior to their application to land. However, depending on the concentrations initially present in the biosolids, metals and organic pollutants (such as pesticides, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons) that remain after such treatments may adversely affect soil and human health [9, 10] . Studies examining changes in soil health following biosolids addition to soil have been somewhat equivocal, because the apparently negative effects of organic chemicals and metals on soil biota may be outweighed by the positive effects organic matter additions [11] [12] [13] [14] [15] [16] .
In 2003, a series of field trials were established in south-eastern Australia as part of the Australian National Biosolids Research Program (NBRP). The NBRP aimed: 1 For methods refer [26] : 4A1, 4B2, 3A1, 6B3, 7A5, 9C2, 10B3 modified using 1 : 4 extraction ratio and activated charcoal to remove organic S, 15D1/3 (Pakenham/Mildura).
(a) to quantify the potential human and environmental risks and benefits of applying biosolids to agricultural land, and (b) to develop biosolids quality guidelines for cadmium (Cd), copper (Cu), zinc (Zn), and nutrients [17] . The NBRP program was predominantly field-based with 12 field sites in major agricultural regions of Australia and primarily focussed on grain production. Previous publications derived from the NBRP include models of the toxicity of Cu and Zn to micro-organisms [18] and wheat [19, 20] , risks of soil-grain transfer of biosolid cadmium [21] , comparisons of copper and zinc bioavailability to their soluble salts [22] , and the application of phytotoxicity data to developing a new Australian framework for guiding biosolids applications [23] . South-eastern Australia has extensive areas of both pastoral grazing and perennial viticulture. Consequently, as part of the NBRP, biosolids were applied to pasture and vines in order to measure short-term (<3 years) changes in production and soil quality. The biosolids were used as a fertiliser to stimulate pasture production and as a soil conditioner to improve vineyard soils [24] . This paper reports results from these studies.
Materials and Methods
Biosolids were applied to pasture at Pakenham (−38.0932, 145.5135) and grape vines at Mildura (−33.9803, 141.8757). The soil at the Pakenham site is classified as a Kurosol and the soil at the Mildura site as a Calcarosol according to the Australian Soil Classification [25] . Selected characteristics of the surface soils are presented in Table 1 .
Three biosolids from different sources were used for the study ( Table 2 ). The pasture trial had a randomised block design with two types of biosolids (B1-2), six biosolids treatments (T2-7), a control treatment (T1), and a mineral fertiliser treatment (T8). Each treatment was replicated three times (Rep 1-3) resulting in 48 plots per site. Plot sizes were 4 × 9 m with a 1 m buffer zone between plots to minimise cross contamination. The Mildura trial in which only one biosolid was added was designed to incorporate the vine rows, and there were 48 experimental rows with two rows per treatment. In all other respects, the design was similar to that at Pakenham.
Biosolids were applied as multiples of the estimated nitrogen limiting biosolids application rate (NLBAR) [27] . At Pakenham plots (T2-T6) received one application of biosolids at the beginning of the trial, two weeks prior to planting the pasture. Biosolids were applied to mature grape vines at Mildura. At Mildura, there was an additional treatment of an annual application (T7) of biosolids at an NLBAR of 1.5. Pakenham did not receive an annual application of biosolids as incorporation into the soil was not possible without damaging the pasture. Hence, at Pakenham, T4 and T7 were the same, and no results for the T7 plots are presented. The biosolids application rates are shown in Table 3 . The Pakenham trial commenced in 2004 and was monitored for three years, while the Mildura site was established in 2004 and monitored for two years. Climate data for both sites during the monitoring period are presented in Figure 1 . Rainfall at Mildura was supplemented by drip irrigation as needed to prevent a moisture deficit adversely affecting crop production.
For the mineral fertiliser treatment (T8) at Pakenham, 330 kg/ha urea was applied annually in 3 applications and 100 kg/ha of a Superphosphate-Potash blend (5.9% P, 16.6% K, 7.3% S) was applied in split applications annually. At Mildura, the design of the irrigation system did not allow for the isolation of the experimental plots from other sections of the vineyard. Consequently, there was no mineral fertiliser treatment (T8) at Mildura.
At Pakenham biosolids were measured using industrial scales and applied evenly to the plots before being incorporated into the soil using a tractor-mounted rotary hoe to a depth of 100 mm. The site was sown with a commercial clover/ryegrass in May, 2004. At Mildura, a machineoperated spreader was used to spread the biosolids in August, • C) until analysed. Grape yield (t/ha) was calculated using the berry weights of six 1 m sections of the plots, the row spacing and row length.
Total N, total P, and concentrations of various metals (K, Ca, Mg, Na, Cu, Zn, Mn, Fe, B, Mo, Co, Al, Cd, Cr, Pb, and Ni) and a nonmetal (S) were measured in the pasture samples from Pakenham and petiole samples using standard methods [28, 29] . Grapes were analysed for trace metals as per the pasture and petiole samples and in addition moisture (80 • C), nitrate, 100 grape weight, Brix, pH, titratable acidity, colour, and phenols using standard methods [30] .
Pakenham soils were sampled postbiosolids application and annually (during harvest) by taking 30 randomly spaced soil cores (0-10 cm depth). Mildura soils were sampled immediately after the application of the biosolids and at each harvest of the grapes (Year 1 and 2) by taking soil cores (0-10 cm depth) at every 6th vine along each row within the plots. All soil samples were bulked, thoroughly mixed, dried, and ground to less than 2 mm (1B1, [26] ) before subsamples were analysed for total C (6B3, [26] ), total P [31] and total N (7A5, [26] ), Colwell P (9B2, [26] ), nitrate-N and ammonia-N (7C2, [26] ) and pH (4B2, [26] ).
Microbial endpoints, substrate-induced nitrification (SIN) [32, 33] , and substrate induced respiration (SIR) were also measured on soil samples. The SIR was measured based on the OECD guidelines [32] with some modifications [18] . After a preincubation of 14 days at 20
• C in darkness at 50% maximum water holding capacity (MWHC), soil samples (equivalent of 10 g dry soil) were amended with 14 C-labelled (a traceable radioactive isotope of carbon) glucose solution (125 Bq/g of soil) to 5000 µg C g −1 soil. After addition of the glucose solution, the samples were at 60 ± 5% of their MWHC. The soil samples were immediately transferred into sealed containers (250 mL) containing a vial with 3 mL 1 M NaOH, which acts as a trap for the carbon dioxide (CO 2 ) produced from microbial respiration. Each sample was incubated in darkness at 20
• C for six hours, after which time 1 mL of the NaOH was removed and added to 10 mL of Applied and Environmental Soil Science 5 scintillation cocktail (XT Gold) for radioactivity determination by beta counting (liquid scintillant beta counter LSBC). The rate of 14 CO 2 -C production per gram of dry soil per hour was calculated from the sample radioactivity.
Agronomic and soils data were examined using analysis of variance (ANOVA). This was performed on plot means using Genstat 9.1 Edition software [34] . Where significant differences between data are discussed, these refer to treatment means at a 95% confidence interval. Where data exhibited a log-normal distribution, least significant ratios at the 95% level are quoted in tables instead of the least significant difference at the 95% level. In such cases, if the ratio of the two means is greater than the stated ratio, there is a significant difference at the 95% confidence limit. Linear regressions were fitted to agronomic data in the biosolids trials where relationships were observed.
Results and Discussion

Pakenham. The application of South East Water and
Yarra Valley biosolids at Pakenham appeared to raise soil pH compared to the untreated and fertiliser controls in which the pH in CaCl 2 was 4.9. However, there was no consistent trend with biosolids application rate as the results were highly variable between plots, more so than between years.
Compared to the unfertilised control, biosolids applications increased the concentrations of Cd in the soils above the 1.0 NLBAR biosolids application rate for South East Water biosolids and above the 1.5 NLBAR biosolids application rate for Yarra Valley Water biosolids, increased concentrations of soil Cu above 1.0 NLBAR and increased soil Zn concentrations at all biosolids application rates (P < .05) ( Table 4 ). The concentrations of Cu and Zn in soils treated with South East Water biosolids were generally higher than those treated with Yarra valley water biosolids in keeping with the respective metal concentrations in the biosolids. There were positive linear relationships between the concentration of Cd, Cu, and Zn in soils and increasing biosolids application rates (r 2 > 0.90). All soil metal concentrations were below the current receiving soil contaminant limits (RSCL) of 100 mg/kg for Cu, 200 mg/kg for Zn and 1 mg/kg for Cd [27] .
Immediately after the application of biosolids, compared to the unfertilised control, soil C and N only increased in Yarra valley biosolids plots at the 1.5 NLBAR (P < .05) biosolids application rate and then only marginally. Presumably this result reflects the relatively high soil C and N concentrations (58 g C/kg and 4.9 g N/kg) in the soil prior to biosolid applications and is consistent with other similar studies [35] . Compared to the unfertilised control, the application of South East Water biosolids increased soil total P concentrations at 1.0, 3.0 and 4.5 NLBAR while Yarra Valley Water biosolids applications increased P concentrations at all biosolids application rates. The increase in total P concentrations was generally in line with the rates of biosolids addition ( Figure 2 ) and reflects the considerable quantity of P added to soil in biosolids (c.a. 143 and 348 kg P/ha at 1 NLBAR for South East Water and Yarra Valley Water biosolids, resp.). Interestingly, plant-available P measured using the Colwell method (Colwell 1963) also increased with biosolids application with the control rated "medium" [36] at 46 mg/kg and the 4.5 NLBAR treatment rated "High" at 390 mg/kg [36] even for crops with a high P demand (i.e., vegetables).
The application of biosolids at Pakenham appeared to have little effect on microbial function. Across all biosolids, application rates, and over the three sampling events from 2004 to 2006, there were only four instances when, compared to the unfertilised control, biosolids application may have affected SIR, and the results were equivocal. For example, compared to the unfertilised control SIR increased, where South East Water biosolids were applied at 1.0 and 4.5 NLBAR for soils sampled immediately after application (P < .05). But for the 3.0 NLBAR application at the same sampling time, SIR decreased (P < .05). In a few instances, compared to inorganic fertiliser, biosolids applications resulted in slightly lower SIR although again these results appear to reflect the variability in these tests rather than any real trend in the data. The results of the SIN testing were similarly inconclusive although primarily as a result of limitations in the method. Compared to the unfertilised control, SIN did not change, due to 100% of the added nitrogen substrate being used in all cases.
Over the seven sampling events from 2004 to 2006, biosolids increased pasture dry matter production compared to the unfertilised control. There was no overall difference between biosolids and the inorganic fertiliser treatment (P > .05) pasture yields. There was a positive linear relationship between mean pasture dry matter production and biosolids application rate (r 2 = 0.89; Figure 3 ). However, this was not always the case for every sampling event. Applied and Environmental Soil Science Table 5 . The first season represented the growth of a field crop such as hay. The first sampling was at 15 weeks after sowing on August 25, 2004 . Compared to the unfertilised control, with the exception of the South East Water 0.5 NLBAR plots, pasture dry matter production in biosolids treatments and inorganic fertiliser treatments increased (P < .05). Compared to the unfertilised control, pasture dry matter production increased by over 100% at the highest application rate of Yarra Valley Water biosolids. Overall, at the first sampling, biosolids were at least, if not more effective than fertiliser for increasing dry matter production (P < .05).
After 27 weeks of growth, the second sampling of the simulated hay crop occurred on November 17, 2004 . The extended growing period explains why the second sampling yielded the highest dry matter production (Table 5-7.38 t/ha in unfertilised control plots). Compared to the unfertilised control, at the second sampling pasture dry matter increased at the three highest South East Water biosolid application rates and at 4.5 NLBAR for Yarra Valley Water biosolids (P < .05). The application of inorganic fertiliser did not increase pasture production compared to the unfertilised control (P < .05) although there was also no significant difference between pasture dry matter in biosolids treatments compared to inorganic fertiliser treatments (P > .05). The increase pasture dry matter of up to 22% came at a time of year when farm managers would normally harvest hay or silage and the improved production from biosolids application would result in a monetary benefit to farmers. It is of note that the pasture dry matter produced in Yarra Valley Water biosolids treatments was retarded to some extent by weed infestation.
The third sampling was the start of the 6 week simulated grazing trials. This sampling occurred on July 19, 2005. Compared to the unfertilised control, biosolids applications increased pasture dry matter production at 3.0 and 4.5 NLBAR for South East Water and above 0.5 NLBAR for Yarra Valley Water biosolids, as did inorganic fertiliser (P < .05). There was no significant difference between biosolids treatments and the inorganic fertiliser treatment (P > .05). Compared to the unfertilised control, biosolids treatments resulted in an increase pasture dry matter of up to 32% at the highest NLBAR rate for Yarra Valley Water biosolids. This increase came at a particularly important time of the year (winter) when pasture growth rates are typically lessened by low soil temperatures and shorter daylight hours, and when farmers have a pasture deficit.
The fourth sampling, after a 6-week growth period following simulated grazing, occurred on November 4, 2005. The application of inorganic fertiliser did not increase pasture production compared to the unfertilised control (P > .05). Compared to the unfertilised control, pasture dry matter production increased in Yarra Valley Water biosolids treatments at 1.0, 3.0 and 4.5 NLBAR by up to 22% (P < .05).
The fifth sampling occurred on January 24, 2006 and was the only sampling event that occurred in the mid to e Least significant ratio-if the mean divided by the control value is greater than this ratio then the difference is statistically significant (P
< .05, *
).
8
Applied and Environmental Soil Science late summer. Compared to the unfertilised control, pasture dry matter increased with Yarra Valley Water biosolids treatments above 1.0 NLBAR (P < .05) by up to 27%, but inorganic fertiliser had no effect (P > .05). This apparent increase in pasture dry matter production in the Yarra Valley Water biosolids treatments is significant for farming operations in the summer months when water is a limiting factor. This increased yield may be related to higher soil P availability [37] or improved soil physical properties but the precise mechanism responsible for the increased production is unclear.
The sixth sampling occurred on June 20, 2006 . The lowest pasture dry matter production was recorded in the unfertilised control (0.78 t/ha) of any sampling. This coincided with the winter period where low soil temperatures and short daylight hours affect pasture growth. Compared to the unfertilised control, all biosolids treatments increased pasture production (up to 92%) as did the application of inorganic fertiliser (125%) (P < .05). Biosolids were not as effective at increasing pasture dry matter as inorganic fertiliser (P < .05) although pasture dry matter reached 1.5 t/ha for Yarra Valley Water biosolids at 4.5 NLBAR.
In the final sampling on September 12, 2006, compared to the unfertilised control, biosolids increased pasture dry matter production at all application rates (up to 76%) as did the inorganic fertiliser treatment by 158% (P < .05). However, inorganic fertiliser increased pasture production more than any of the biosolids treatments (P < .05). As with the previous two years in spring, increases in pasture dry matter production may increase yields of hay or silage.
Comparing biosolid sources, Yarra Valley Water biosolids increased pasture dry matter compared to that of South East Water biosolids in four out of the seven sampling events (1, 3, 5 and 6) (P < .05). This may in part be explained by higher P content in Yarra Valley Water biosolids (Table 2 ). In sampling events 2, 4, and 7, there was no difference between pasture dry matter produced by the two different biosolids types. This may have been due to weeds in Yarra Valley Water biosolids plots at the second sampling event and the diminishing effects of biosolids treatments compared to the unfertilised control in sampling event 7.
Analyses of pasture dry matter production over the seven samplings suggests that the effects of biosolids applications diminished over time compared to the inorganic fertiliser treatment which was applied annually. In the first sampling, biosolids increased pasture dry matter compared to the unfertilised control (P < .05), then there was no difference in the next 4 samplings (P > .05). By the last two samplings, pasture dry matter in targeted inorganic fertiliser treatments was higher than the overall pasture production in biosolids treatments (P < .05). Nitrogen in biosolids may be lost through nitrification followed by denitrification or leaching and, therefore, increases in pasture dry matter resulting from added N in biosolids would be expected to diminish with time There was no significant difference between the Cd concentrations in pasture between the unfertilised control and pooled data from all biosolids treatments (P < .05).
The data were pooled as there were no differences (P < .05) between the plant Cd concentrations of the two biosolids treatments or compared to that of the unfertilised control. For unknown reasons, the Cd concentrations in pasture were highly variable, especially between sampling dates. There were no significant differences in the concentrations of other metals between treatments.
3.2. Mildura. At Mildura, compared to the unfertilised control, the addition of biosolids from Lower Murray Water resulted in a significant increase in soil Cu at the two highest NLBAR treatments and soil Zn at 4.5 NLBAR (P < .05). Again there was a positive linear relationship between Cd, Cu and Zn concentrations and biosolids application rates immediately after application with all r 2 values above 0.80 ( Figure 4 ). All soil concentrations before and after biosolids applications were below the receiving soil contaminant limits (RSCL) of 100 mg/kg for Cu, 200 mg/kg for Zn and 1 mg/kg for Cd [27] .
Soil pH was only measured immediately after biosolids application in 2004 and at harvest in 2005 and 2006 on the unfertilised control and at 4.5 NLBAR and the annual reapplication of 1.5 NLBAR. Compared to the unfertilised control (pH CaCl 2 7.7) biosolids decreased the pH (pH CaCl 2 7.2 at 4.5 NLBAR) in receiving soils at each sampling (P < .05). This may have been due to the initial pH of the biosolids being slightly acidic at pH 6.5.
In general, there was a positive linear relationship between soil C, N, P, and Colwell P concentrations and increasing biosolids application rates at the first sampling perhaps reflecting the low organic matter status of the soil pretreatment. Compared to the unfertilised control (Total C 7.7 g/kg), soil C only increased at 4.5 NLBAR immediately after biosolids applications and above 1.0 NLBAR the following year. Compared to the unfertilised control, after the application of biosolids, N in the receiving soils increased at the two highest NLBAR treatments and P increased at all rates above 0.5 NLBAR (P < .05). However, the effects of treatment on soil P and N diminished over the two years following biosolids application. The highest Colwell P was 260 mg/kg in the 4.5 NBAR treatment, well above recommendations of c.a. 60 for this soil type [36] .
The application of biosolids at Mildura also appeared to have little effect on microbial function. Compared to the unfertilised control, SIR was affected only at 4.5 NLBAR and only immediately after biosolids application (P < .05). This apparent decrease in SIR may reflect decreased utilisation of the added substrate (glucose) due to the excessive supply of C in the 4.5 NLBAR treatment (soil Total C was 19 g/kg at 4.5 NLBAR immediately after application). Again, at Mildura, the results of the SIN were equivocal.
Biosolids applications also had little effect on grape production and quality (measured by pH, total acids, brix, phenolics and clarity) ( Table 6 ). Compared to the unfertilised control, grape yield in the first year was not affected by biosolids applications, but in the second year, grape yield was higher in the 3.0 NLBAR and 4.5 NLBAR (P < .05) treatments. Compared to the unfertilised control, of all the grape quality measures only phenolics increased and this occurred at 4.5 NLBAR (P < .05). Cadmium uptake in grapes in all years was below the analytical limit of reporting of 0.02 mg Cd/kg. There is no food standards guideline limit available for Cd in grapes in Victoria, but the concentrations in grapes were below the food standards guideline concentration of 0.1 mg/kg for produce such as wheat and rice [38] .
Concluding Discussion
The results from the Pakenham and Mildura sites suggest that biosolids can be applied to pastures and grape vines without adversely affecting soil or plant properties. On the contrary, results from the Pakenham site suggest that biosolids can be used to stimulate pasture production. The monetary benefit of this additional pasture production is difficult to estimate given that it depends on the time of year when the pasture is produced, the costs of alternative feed supplies, and whether the pasture is conserved. However, it is possible to compare the costs of the biosolids and the inorganic fertiliser treatments.
Urea is the most common inorganic N fertiliser used by farmers in the Pakenham region. The price of urea has varied in recent years from $500-1250/t (Personnel Communication, Rob Abbottt, Korumberra Lime and Spreading, 26 October 2010) ($1.09-2.72/kg N). Over the three years of the trial the monetary value of the urea applied to the pastures was estimated to be $1079-2693 (plus c. $40/ha × 3 = $120 p.a. application costs). Given that biosolids additions initially increased pasture production relative to inorganic fertiliser, was similar for the next four samplings and was lower in the last two simulated grazings, it is reasonable to conclude that biosolids resulted in similar pasture production over the three years to the inorganic fertiliser. It follows that if new pastures were being established, biosolids could be a costeffective alternative to conventional fertilisers if the acquisition, transport, and distribution costs were < $1000/ha. Interestingly, where biosolids are used commercially in the Barwon region of Victoria transport and spreading costs are estimated to be <$100/ha.
The potential benefits of applying biosolids to grape vines are more uncertain. Biosolids increased soil C and one could reasonably assume that would be accompanied by improved soil structural properties [39] . However, these tests were not part of the NBRP. Whether biosolids applications to grape vines are cost effective remains an open question.
While this study suggests that biosolids application may be cost effective from the landholder's point of view, the data from Pakenham and Mildura also point to some broader externalities associated with biosolids use. The total N applied in biosolids at Pakenham was similar to that applied as inorganic fertiliser (i.e., 449 and 342 kg N/ha for South East Water and Yarra Valley Water, respectively, versus 455 kg N/ha for the inorganic fertiliser treatment). However, the release of N from biosolids during winter when leaching potential is greatest may be of environmental concern. More important are the excessive additions of P in the biosolids treatments. Maintenance P fertiliser applications in the Pakenham region are commonly <50 kg P/ha [40] . Biosolids applied at 4.5 NLBAR equates to 643, 1586 and 706 kg P/ha for South East Water, Yarra Valley Water and Lower Murray Water, respectively. Not surprisingly, the Colwell P for these respective treatments were up to an order of magnitude higher than would be generally considered the agronomic optimum of 60 mg/kg Colwell P for these sites [36] . While the incorporation of the biosolids and P fixation will mitigate the risk of P exports, where biosolids are applied to pasture, this study would suggest there is a considerable risk of excessive P exports from sites receiving repeated applications of biosolids or in some cases where biosolids are applied at rates above 1 NLBAR. Perhaps, there is a need to consider a phosphorus limiting biosolids application rate (PLBAR) in addition to an NLBAR when determining appropriate biosolids loadings.
